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On the other hand, turbo-STEAM (stimulated echo acquisition mode) sequences 8, 9 allow for DW MRI without any susceptibility-induced artifacts. They further avoid the high specific energy absorption rates of fast spin-echo sequences, which have also been proposed for DW MRI of the prostate. 10 However, a disadvantage of stimulated echoes is that they exploit only half of the signal strength of a corresponding spin-echo signal.
To compensate for this deficiency, recent developments of DW STEAM MRI techniques took advantage of lessons learned from real-time MRI at high temporal resolution. 11 In this sense, single-shot DW STEAM sequences were improved with use of a highly undersampled radial acquisition scheme and image reconstruction by regularized nonlinear inversion to achieve artifact-free whole-brain DW MRI within measuring times of 1.5 to 2.5 min. 12 The resulting increase in signal strength stems from data undersampling, which leads to fewer stimulated echoes with correspondingly higher flip angles, and further benefits from reduced T 1 attenuation because of a shorter STEAM readout period. Moreover, the image intensities of an iteratively optimized numerical estimate no longer scale with the square root of the number of k-space acquisitions as known for Fourier transform MRI, which turns out to be especially advantageous for highly undersampled acquisitions. The underlying increase in SNR compared with preceding STEAM MRI variants 8, 9 expands the range of possible applications and renders the technique a natural candidate for prostate imaging.
This work presents the development and first application of a novel turbo-STEAM method for DW MRI of the prostate. The lower SNR in comparison with brain studies required two major steps. First, the proposed method adopts a multi-shot acquisition scheme with rotated radial trajectories. Second, it uses a multi-step reconstruction scheme with nonlinear inverse estimation of coil sensitivities and denoising of phase maps from multiple shots with different sets of spokes. The final DW images are obtained by an iterative inverse optimization taking all shots into account. Accurate determinations of the apparent diffusion coefficient (ADC) were validated with use of a numerical phantom providing ground truth without suffering from potential experimental inadequacies. The feasibility and performance of the method was evaluated for a clinical setting at b-value 600 s mm −2 and the results were compared with state-of-the-art EPI-based protocols for DW MRI of the prostate. This pilot study included eight normal subjects and two patients.
2 | METHODS
| MRI
All studies were performed at 3 T using an MRI system with 80 mT m −1 gradients (Magnetom Prisma, Siemens Healthineers, Erlangen, Germany).
DW turbo-STEAM MRI of the entire prostate was performed on eight young subjects without known illness using the 18-channel body-array coil and suitable elements of the spine coil. Preliminary clinical trials included two patients with elevated prostate-specific antigen (PSA) > 10 ng mL −1 .
Prior to this study, both patients received standard multi-parametric MRI indicating a lesion in the transition zone with a Prostate Imaging
Reporting and Data System Version 2 (PI-RADS v2) score of 5 in Patient 1 and two lesions in the transition zone with PI-RADS score of 5 in Patient 2. In all cases, written informed consent, according to the recommendations of the local ethics committee, was obtained prior to MRI.
A DW turbo-STEAM sequence with radial undersampling was implemented as recently described. 12 In order to improve the SNR and reconstruction stability for prostate imaging, this single-shot version was turned into a multi-shot acquisition with undersampled trajectories comprising 21 radial spokes which cover 360°of k-space. These trajectories were rotated from shot to shot in such a way as to equally fill the gaps between neighboring spokes (see Figure 1) . The development of a suitable reconstruction technique is described in the next section. Fat suppression was achieved using a chemical-shift-selective pulse 13 before the acquisition of each shot. To cover the entire prostate, multiple slices without gaps were acquired in an interleaved order. Prior to the acquisition of DW images, five repetitions of the sequence were executed with b = 0 s mm −2 to achieve a steady state with respect to T 1 relaxation. The resulting images were used for an estimation of coil sensitivities. This step was followed by the acquisition of multi-shot DW MRI data for six diffusion gradient directions with b = 50 s mm −2 (three shots) and b = 600 s mm −2 (nine shots), respectively. Image resolution, field of view, and volume coverage were adapted to standard clinical protocols based on DW ssEPI and rsEPI as provided by the vendor.
The parameters for all three protocols are summarized in Table 1 . A few additional trials involved an experimental DW-STEAM MRI protocol with bvalues of 50, 400, 800, and 1400 s mm −2 at a prolonged measuring time of about 20 min.
| Image reconstruction
Pre-processing of the DW multi-coil data comprised data compression by a principal component analysis, gradient delay correction, and interpolation onto a Cartesian grid. This was followed by an estimation of the coil sensitivities using a regularized nonlinear inverse reconstruction algorithm. 9 The development of a reconstruction process for multi-shot DW images with rotated k-space data involved the following steps. First, an image I m for each shot was reconstructed using a linear inversion with L 2 -regularization. These results were used to obtain denoised phase maps as given by
where NLM denotes the application of a modified non-local means filter. 14 These phase maps were then used together with all coil sensitivities to reconstruct the image content r from all shots by minimizing the following cost function using the iteratively regularized Gauss-Newton algorithm: C n denotes the pre-calculated coil sensitivity profile for the nth virtual channel, Y m, n denotes the raw data for the mth shot and the nth virtual channel, and P m denotes the projection on the k-space trajectory for the mth shot. Post-processing included denoising of the resulting images r with a modified non-local means filter 14 as well as computation of trace-weighted images and ADC maps as previously described for DW STEAM MRI of the brain. 12 At this stage all reconstructions were performed offline. The algorithm was implemented on a single graphics processing unit (GPU), GeForce GTX TITAN (NVIDIA, Santa Clara, CA, USA) using the MATLAB Parallel Computing Toolbox (R2015b, MathWorks, Natick, MA, USA). To save memory on the GPU device, the coil sensitivity estimation was restricted to subsets of eight slices each instead of using the entire dataset. Total reconstruction time for a dataset of 21 slices for the entire prostate was approximately 2 h.
| Validation
The accuracy of ADC determinations was assessed with use of a numerical phantom (Figure 2 ) comprising multiple disjoint ellipses with defined ADC values between 0.8 and 2.2 × 10 −3 mm 2 s −1 (ground truth). It refers to the generation of a set of raw data, ie the k-space data of the phantom, which can be computed by summation of the analytical Fourier transformation of used shapes such as ellipses or rectangles (see, eg, Block and Frahm
15
).
Multi-coil parallel MRI was simulated by 30 receive coil sensitivities, which were generated via the sinusoidal approximation of spatially varying coil sensitivities. These sinusoidal coefficients can be integrated into the analytical Fourier transformation as described by Guerkin-Kern et al. 16 The simulations employed the same radial trajectory (ie, 21 radial spokes rotated for multiple shots) and imaging parameters as chosen for the experimental STEAM protocol for DW MRI of the prostate (see Table 1 ): six diffusion directions, three shots with b = 50 s mm −2 and nine shots ; and (iii) multi-shot reconstruction with denoised phase maps. The ADC was evaluated in a region of interest (ROI) and compared with ground truth.
To test the performance of the image reconstruction algorithm for the determination of in vivo prostate ADC values, DW STEAM MRI was obtained for different slice thicknesses between 3.5 and 6.5 mm (see Figure 2 , bottom). ADC measurements were made in matched ROIs in the central gland of the prostate as covered in transverse sections which were centered at the same position. Further, the STEAM ADC values measured in an ROI of the central gland of all eight healthy volunteers were compared with those obtained in the same ROIs with DW ssEPI and rsEPI (see Table 2 ). Image reconstruction and post-processing of EPI-based acquisitions were performed using the online reconstruction software provided by the vendor.
Finally, the quality of the mean DW STEAM images and ADC maps of all eight subjects was assessed by an experienced abdominal and oncological radiologist (10 years of clinical practice) using a five-point Likert scale: 1, extremely poor, defined as "major artifacts, not clinically useful"; 2, poor, defined as "major artifacts, clinical use not advised"; 3, average, defined as "borderline clinical use"; 4, good, defined as "minor artifacts, not adversely affecting clinical use"; 5, excellent, defined as "no artifacts".
| RESULTS
The analysis of three different algorithms for DW STEAM MRI (Figure 2 , top) demonstrates a superior performance of the proposed multi-shot reconstruction method with denoised phase maps. This particularly holds true for the case of low SNR, which affects the calculation of a quantitatively reliable ADC. In fact, ADC deviations from ground truth were less than twice the standard error of the regional mean for all simulations with an SNR higher than or equal to 0. Table 2 ). The difference between the mean ADC values measured with STEAM and ssEPI in these subjects was 1.19 times the standard error and therefore statistically not significant. On the other hand, marked differences between regional ADC values of individual subjects are likely to reflect inhomogeneity-induced signal variations in DW ssEPI. The ADC values measured with DW rsEPI were between 20% and 30% higher than those measured with the other two methods. These differences exceed their standard error by a factor greater than 5.
In all cases, DW STEAM images were in geometric correspondence toT 2 -weighted spin-echo images, whereas EPI-based images showed visible distortions in 5/8 cases for ssEPI and in 4/8 cases for rsEPI. Most importantly, even in the vicinity of an air-filled colon (see Figure 3) , the STEAM image offers an accurate anatomical representation of the prostate and intestinal wall. In contrast, both the ssEPI and rsEPI images show not only a distorted shape of the prostate, but also a severe degradation of image quality near the intestinal wall, which would compromise any diagnostic attempt. Moreover, EPI-based sequences yielded ADC maps with local hypointensities that were not present in ADC maps measured with DW STEAM MRI (see Figure 4 ). The radiological evaluation of the quality of mean DW images and ADC maps revealed acceptable image quality (ie, equal to 4 and 5 on the five-point Likert scale) in all eight cases, corresponding to images without artifacts or only minor artifacts that do not adversely affect the clinical use.
In the two patients studied here, all lesions detected by DW ssEPI could also be identified by DW STEAM MRI. In addition to adequate diffusion contrast and SNR, the STEAM images provide accurate anatomical information with respect to T 2 -weighted MRI, which was partly corrupted in ssEPI results. For example, the STEAM ADC map for Patient 1 (see Figure 5 ) correctly localized the lesion at a distance of approximately 1 cm from the caudal boundary of the prostate, in agreement with the T 2 -weighted image. Due to geometric distortions, this information is lost in the corresponding ssEPI ADC map. For Patient 2 (see Figure 6 ), the STEAM ADC map clearly delineates a lesion in the left transitional zone 
| DISCUSSION
This work reports the development and first application of a DW STEAM MRI technique to prostate imaging. The multi-shot method employs rotated radial trajectories and an inverse reconstruction algorithm with denoising of phase maps. Extending previous STEAM variants, 8, 9 ,12 the present method achieves DW MRI of the prostate without the use of an endorectal coil within clinically feasible measuring times. Apart from good spatial resolution, adequate SNR, and accurate ADC values, the diagnostic image quality benefits from the absence of susceptibility-induced geometric distortions and false signal intensities. The inherent physical properties of STEAM sequences offer several practical advantages for DW MRI of the prostate. First, the method provides access to tissue in the vicinity of the intestinal wall even in cases where susceptibility problems degrade EPI-based acquisitions. This robustness also improves patient compliance, as it removes the necessity for inconvenient preparations such as rectal filling or fasting prior to MRI. cle to the proposed technique is the long reconstruction time, which at this stage precludes widespread clinical application. The problem will soon be solved by an implementation of the algorithm on a multi-GPU computer, which has been integrated into the used MRI system. It already allows for nonlinear inverse reconstructions of dynamic image series in real time. 11, 22 A third limitation of the present study is its focus on healthy volunteers. This is because the primary aim was a proof-of-principle evaluation of a newly developed DW STEAM MRI method with emphasis on technical feasibility and achievable diagnostic image quality. Having demonstrated clinically relevant benefits in comparison with established EPI-based protocols, the next step must be an assessment of the diagnostic performance of DW STEAM MRI in extended patient studies.
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